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INTRODUCTION
The free-edge problem has attracted considerable attention during the past two decades. The proliferation of analytical investigations is a direct result of experimental observations indicating that laminate strength and failure modes can be influenced significantly by the stacking sequence of the individual layers. Adjacent layers with differing fiber orientations exhibit a mismatch in fiee-ply deformations when loaded either mechanically or thermally. Continuity of displacements at the interfaces gives rise to interlaminar stresses at the free-edge. These stresses exist in a boundary layer region and are not accounted for by classical lamination theory (CLT). Singular behavior is exhibited by some of these stresses making laminates susceptible to delamination at the &-edge. Delamination is especially deleterious for thick composites loaded in compression possibly leading to catastrophic failure due to loss of structural stability. A fundamental understanding of the interlaminar stress field associated with the free-edge in laminated composites is critical in order to develop delamination prediction models as one criteria in assessing the design of structural components. Consequently, many different analytical-numerical approaches have been undertaken to analyze this problem. For straight free edges, these include finite-difference and finite-element techniques, boundary layer approaches, force balance methods, stress potentials, substructuring, and others. Even for the relatively simplistic case of the straight free edge, discrepancies exist between different solutions even to the extent of the sign of the local stress field as shown in Figure 1 [l-41.
Requirements for cut-outs or access holes in composite laminates necessitate the determination of the interlaminar response at the curved free edge of a hole. The presence of a hole complicates the problem enormously. Unlike the straight free edge problem where the response is independent of the axial coordinate, this problem is inherently three-dimensional. Threedimensionality increases the computational burden dramatically to the point of becoming practically intractable. In fact, many authors investigating the straight free edge problem sought approaches to reduce the computational burden of their two dimensional analyses. Accordingly, much interest has shifted to approximate solutions to permit the study of "realworld" laminates. For the curved free edge, the analytical approaches taken include the finiteelement method, boundary layer approaches, force balance techniques, stress potentials and others.
The myriad of analytical-numerical approaches and their seemingly conflicting results suggests a clear need for experimental data to which the analytical solutions can be compared and validated. Experimental investigations however, as reported in the literature, are far less abundant than analytical investigations. Moreover, measurements are generally taken in the gross sense. That is, the desired quantities are either measured on the face of the laminate, or the gage-length of the measurement technique is too large (as in the case of strain gages) to measure ply-by-ply variations. Experimental approaches to obtain the global response have included moS, photo-elastic coatings and strain gage techniques.
Reported herein are partial results of an extensive experimental program that utalized high-sensitivity moir6 interferometry [5,6] to study free-edge effects along the cylindrical surface of a hole in thick composite laminates. The goal was to generate unique data that reveals the ply-by-ply distributions of the interlaminar strains on the cylindrical surface of the hole. The data are intended to document the phenomenological behavior and serve as a benchmark to which analytical and numerical studies can be compared and verified.
SPECIMENS AND. TEST PROCEDURES
Six composite' laminates, 254 mm (10 in.) long by 127 mm (5 in.) wide, were machined from panels fabricated fiom two different material systems. Specimen designations, thicknesses, material types, and stacking sequences are given in Figure 2 . All specimens except B 1 and B2 contained centrally located holes. A convenient hole size of 25.4 mm (1 in.) was chosen to facilitate the experimental investigations on the surface of the hole. Specimens B1, BlH, B2, and B2H were fabricated from Toray T800H/3900-2 graphite-epoxy which incorporates toughened-compIiant interleaves between layers to improve the damage tolerance.
Coordinate axis x,y,B, as shown in Figure 2 , were chosen such that y is in the direction of loading, x is the though thickness direction, and 8 is measured with respect to y. The displacements in the x and y directions are given by Ux and U, respectively. This coordinate system was chosen to be consistent with the usual convention used for optical measurements. That is, UX and Ue denote the in-plane displacements (in this case the surface of the fke edge.) Prior to testing, each end of the specimen was clamped into end-fixtures for better load transfer. The specimen, in the end-fixture, was placed on a load-balancing fixture that contained a spherical k a t as shown in Figure 3 . The specimens were loaded in compression on a 267 kN (60,ooO lbs.) Tinius-Olsen electro-mechanical testing machine. Eccentricity of the load was monitored by strain-gages and reduced by adjusting leveling screws on the balancing fixture. Balancing was an iterative process, done in steps starting with a modest load of approximately 5 kN and increasing gradually to the testing load. The testing load was chosen for each spechen under the conditions that the response be within the elastic range and that there be sufficient mob5 fringes to pennit an accurate ply-by-ply analysis. Relatively modest loads were required, and anti-buckling restraints were not necessary.
Interlaminar deformations at the straight edges were obtained using a moirC Specialized experimental techniques were developed to determine the distributions of the interlaminar strains (transverse), Q (tangential), and 'yxe on the cylindrical surface of the hole for specimens BlH, B W , N1, and N2. The procedure involves replicating deformed specimen gratings under load for interrogation in a remote interferometer. Strains can be extracted at any angular position 8. The strain distributions reported herein were extracted at angular position 8 = 9 0 ' with respect to the loading axis. Experimental details can be found elsewhere 181.
RESULTS

Straight Boundary Free Edge
To serve as a baseline for comparisons, interlaminar strain distributions at the straight free edge were determined. experiences the same compressive strain cy The contour interval is 417 pm. The bottom pattern, Figure 4b , is a contour map of the corresponding transverse displacements Ux, transformed into a more tractable form for detailed data analysis by the addition of carrier fringes of rotation, Le., a constant vertical fringe gradient. Ply-by-ply variations of the normal strain ex are manifest as ply-by-ply variations of the slope of the fringes [SI. undulating nature of the uy fringes. Figure 5b represents the corresponding graph of yxy and
indicates that large values occur at interfaces between 45' and -45' layers. Ideally, the curve should be antisymmetical about the center plane. The variation or scatter in the magnitudes of the peak values is attributed to material variability, where nominally equal plies exhibit slightly different responses. Figure 5 shows that the strains are essentially the Same along the straight boundaries for specimens with and without holes. Accordingly, the strains at the straight boundary are used as normaking factors and represents both cases.
Tangential Strains in Hole at 8=90°
Fringe patterns for the UX and Ue displacements were obtained form the hole surface.
A representative fringe pattern for the 90' location is shown in Figure 6 for specimen N1.
Tangential strains, Q, were obtained at the horizontal centerline, 8=90°. Figure 7 shows that the distribution of at the hole differs dramatically from the corresponding strains at the straight boundary, both in magnitude and distribution. At the straight edge, EY, is constant throughout the thickness, whereas at the hole, e8 is amplified on a ply-by-ply basis. Amplification factors can be quite large, reaching 7.5 for specimen N2.
highshear 7 . Figure 7 Tangential strain distributions at the horizontal centerline for the hole boundary. The strains are amplified on a ply-by-ply basis. Figure 8a shows that the transverse strain, Q ,at the 90' location exhibits a very similar trend to that of the corresponding straight boundary free-edge distributions shown in Figure 5 .
Transverse Strains in Hole at 8=90°
Significant differences are evident, however. For example, whereas the magnitudes of the tensile strains that occur in the 45' plies are nearly doubled, the magnitudes of the compressive strains in the 9 0 ' plies are approximately of equal value. This indicates that the response at the hole is modulated on a ply-by-ply basis. The remaining plots in Figure 8 illustrate that the transverse strains have markedly different distributions at the hole and straight boundaries. Figure 8 Transverse strain distributions at the horizontal centerline for the hole boundary.
The strains have markedly different distributions at the hole and straight boundaries.
SUMMARY
Free-edge effects in laminated composite materials were studied experimentally using high-sensitivity maid interferomety. Interlaminar deformations were measured on a ply-by-ply basis for straight and curved boundaries in laminated composite panels. Interlaminar strain distributions at the straight boundary were found to be essentially the same for specimens with g and without holes. Accordingly, the strains at the straight boundary were used as normahin factors for the response at the hole. The measurements on the curved boundary of the holes appear to be unique, representing the first experimental analyses on a ply-by-ply basis. Interlaminar strains were determined with high fidelity and plotted versus the ply number at the horizontal centerline. Results indicate that the tangential strains at the hole are dramatically different from the corresponding strains at the straight boundary, both in magnitude and distribution. The tangential strains are not proportional, on a ply-by-ply basis, to those at the straight boundary, but are amplified by factors that appear to be a function of the ply orientation and stacking sequence for each ply. Transverse strains experience similar ampiifications at the hole boundary. The results are reasonable systematic, but exceptions are noted and attributed to variations of properties of nominally equivalent plies.
